Reliability of astrophysical jet simulations in 2D: On inter-code reliability and numerical convergence by Krause, M & Camenzind, M
aa501 graphicx document Reliability of astrophysical jet simulations in 2D On inter-code reliability and
numerical convergence M.Krause M.Camenzind Landessternwarte Ko¨nigstuhl, D-69117 Heidelberg, Germany
M.Krause, M.Krause@lsw.uni-heidelberg.de Received / Accepted <date> In the present paper, we examine
the convergence behavior and inter-code reliability of astrophysical jet simulations in axial symmetry. We
consider both pure hydrodynamic jets and jets with a dynamically signicant magnetic eld. The setups
were chosen to match the setups of two other publications, and recomputed with the MHD code NIRVANA.
We show that NIRVANA and the two other codes give comparable, but not identical results. We explain
the dierences by the dierent application of articial viscosity in the three codes and numerical details,
which can be summarized in a resolution eect, in the case without magnetic eld: NIRVANA turns out to
be a fair code of medium eciency. It needs approximately twice the resolution as the code by Lind (Lind
et al. 1989) and half the resolution as the code by Ko¨ssl (Ko¨ssl & Mu¨ller 1988). We nd that some global
properties of a hydrodynamical jet simulation, like e.g. the bow shock velocity, converge at 100 points per
beam radius (ppb) with NIRVANA. The situation is quite dierent after switching on the toroidal magnetic
eld: In this case, global properties converge even at 10 ppb. In both cases, details of the inner jet structure
and especially the terminal shock region are still insuciently resolved, even at our highest resolution of 70
ppb in the magnetized case and 400 ppb for the pure hydrodynamic jet. The magnetized jet even suers
from a fatal retreat of the Mach disk towards the inflow boundary, which indicates that this simulation does
not converge, in the end. This is also in denite disagreement with earlier simulations, and challenges further
studies of the problem with other codes. In the case of our highest resolution simulation, we can report two
new features: First, small scale Kelvin-Helmholtz instabilities are excited at the contact discontinuity next to
the jet head. This slows down the development of the long wavelength Kelvin-Helmholtz instability and its
turbulent cascade to smaller wavelengths. Second, the jet head develops Rayleigh-Taylor instabilities which
manage to entrain an increasing amount of mass from the ambient medium with resolution. This region
extends in our highest resolution simulation over 2 jet radii in the axial direction. Magnetohydrodynamics
{ Shock waves { Galaxies: jets M. Krause & M. Camenzind Reliability of jet simulations in 2D
Introduction
Since the publication of the \twin exhaust model" (BlandfordRees1974), astrophysical jets have been
modeled by many workers. These jets consist of a highly collimated outflow of magnetized plasma from a com-
pact object, which { in the case of extragalactic jets { is assumed to be a black hole, and its accretion disk. In
order to study the asymptotic propagation of such a plasma flow one needs a code that solves the equations of
(magneto-) hydrodynamics (MHD/HD) for the relevant initial and boundary conditions. Pioneers in this eld
were M.L.Normanandcoworkersin1982(Norman1982).Theywereabletoshowthataflowofsupersonicplasmaremainsstablea
AcircularorconicaldecelerationareacalledMachdiskasthehotspot, astronglycollimatedbeamastheelongatedstructureoftheje
Besides the numerical study of jets propagating in an undisturbed ambient medium, there has been
considerable and increasing interest in the stability properties of jets during the last decade. The main
agent of instability and possible destroyer of the jet is the Kelvin-Helmholtz (KH) shear instability. A
fundamental result of its linear analysis (AC92; A96) is that hydrodynamical jets without magnetic eld
are unstable to KH instabilities of a wide range of wavelengths, while jets with a poloidal eld and even
more those with a toroidal eld in the cocoon (a distribution which is supported by simulation results, see
Koessl1990) are essentially stable to small wavelength perturbations. Stability increases also with Mach
number. The development of long wavelength instabilities into the nonlinear regime was investigated for the
hydrodynamical case in cylindrical and slab symmetry and in three dimensions by Bodo and coworkers (B95,
B94, and B98, respectively). They nd that the instabilities destroy the jet in a time comparatively small
with respect to the typical lifetime of an astrophysical jet source. This disruption could be proven to be
less severe in the case where the jet is denser than the surrounding medium, when radiative losses are taken
into account (Mic00, for the three dimensional case), and is even impeded if one includes an equipartition
magnetic eld (HCR97, three dimensional, poloidal elds; RHCJ99, three dimensional, also toroidal elds).
With the exception of the latter authors, all of the above mentioned simulations were conducted using
only one resolution level. This resolution level seems to be quite arbitrary and is not upgraded with the
years. For example, while Ko¨ssl and Mu¨ller (1988) (Koessl1988) considered a resolution of 100 ppb, both in
radial and longitudinal direction as insucient to resolve the dynamical structures of their hydrodynamical
jet, Massaglia et al. (1996) considered their scaled grid with 20 points in the radial and 11 points in the
longitudinal direction at maximum of their likewise hydrodynamical simulation as \high resolution", which
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should be { due to their superior code { about the same. This is due to the above mentioned increase of
physical ingredients into the simulation. To give another example: Lind1989 and Rosen et al (1999) use with
a comparable numerical scheme for a magnetized jet in two and three dimensions respectively both 15 ppb
to resolve the transversal direction.
A reliable numerical simulation of an astrophysical jet has to be converged regarding its internal structure
as well as the behavior of its boundary. This is true also for the study of surface instabilities because the
jet body behavior can influence its surface. Furthermore, in the literature it is normally assumed that long
wavelength modes can be studied independently from shorter wavelength modes. The validity of the latter
assumption is particularly questionable in the hydrodynamical case, and not so much for the magnetized case
as linear stability analysis shows, as mentioned above, that small wavelength perturbations to the surface
are stabilized in a magnetized jet. This should be reflected in the resolution that is needed in a simulation
in order to catch the relevant physics, especially in a situation, where small scale and large scale behavior
could influence one another.
One aim of the present paper is therefore the investigation of the convergence behavior and the role
of small scale structure of both the hydrodynamical (Sect. 3.4) and the magnetized case (Sect. 4.3). The
computations are carried out with the MHD code NIRVANA and are compared with simulations from
the literature. Since in such an investigation high resolution is essential, we restrict ourselves to the two
dimensional axisymmetric case. This is justied by the fact that three dimensional simulations show more
instability but do not dier essentially from the two dimensional ones. Even with this restriction we needed
3 months of CPU time on a Pentium III workstation to perform our highest resolution model with 6.4 million
grid points.
A hydrodynamic or MHD code constructed after the van Leer scheme (e.g. the famous ZEUS code)
is certainly less eective than a code with a piecewise parabolic method (Koessl1988; WC84). But up to
now, there is no comparison of the results of dierent van Leer scheme codes available for astrophysical jet
simulations. However, Woodward and Colella (1984) showed that besides strong dierences in a 1D test
problem, the second order accurate codes they tested performed overall equally well in the 2D case, although
dierences occurred in some details. They note (WC84, p166): Does the accurate representation of a jet in
one part of the flow compensate for the presence of noise in another part? Depending on the problem, this
really could make a dierence. In this paper, we compare the results of dierent MHD codes for the special
case of astrophysical jet simulations, in Sect. 3.2 and 3.3 for the HD, and in Sect. 4.2 for the MHD case.
For this purpose, we recompute the results from two previous publications with the MHD code NIRVANA
(Ziegler1997), and analyze the dierences to the published, original, results. gure* [width=17cm]g01.ps
Contour plots of the density (30 logarithmically spaced lines) for the jet model of setup A. The times for the
snapshots were chosen in order to match Fig. 11 of Koessl1988 closely. kmden
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